Introduction
Recently, β-methoxyacrylates (MOA) have been introduced as several promising fungicides, including azoxystrobin (AMISTAR) 1 as a new class of fungicide with a broad spectrum and new mode of action. The β-methoxyacrylate are known to be an inhibitor of the respiratory electron transport (RET) system in mitochondria 2 and to be developed from structural modification of strobilurin 3 oudemansin 4 and myxothiazole, 5 naturally occurring antifungal compounds. The β-methoxyacrylate fungicides are used in agriculture and have been subjected to aggressive structural modification for investigation of more suitable fungicides. The structure-activity relationship on toxophore and substituents of β-methoxyacrylate has been validated as an efficacious tool to estimate fungicidal activity and to improve synthetic efficiency for reducing synthetic expenses. To search and develop the β-methoxyacrylate family fungicide, a series of new 70 β-methoxyacrylate analogues with fluorostyrene moiety was synthesized from the reaction of benzyl bromide substituted methoxyacrylates (or methoxyiminoacetates/methoxyiminoacetamides) group at ortho position with oximes having fluorostyrene moiety. The evaluation of fungicidal activities of new 70 β-methoxyacrylate analogues was accomplished in cell-based assay on Magnaporthe grisea (Rice Blast Disease), and we obtained a pI 50 value for each compound. Generally, the 3D-QSAR study has become an efficient tool for the analysis of an effective pharmacophore model and the design of more active compounds even though nothing as yet is known about specific targets. For this purpose, the use of molecular fields as descriptors for the correlation of biological activities with 3D structures has become an efficient tool frequently applied.
In the present paper, we carried out two different quantitative structure-activity relationship (QSAR) methods on 63 β-methoxyacrylate analogues. One is two 3D-QSAR processes, comparative molecular field analysis (CoMFA) 6, 7 and comparative molecular similarity indices analysis (CoMSIA). 8 The other is a 2D-QSAR process, HQSAR. 9 In addition, we compared two different approaches in terms of potential for predictability by elucidation of physical properties, the steric, the electrostatic, the hydrophobic and the hydrogen bonding of these molecules and their influence on the fungicidal activity.
Experimental and Computational Methods
Reagent and appliances. All starting materials and reagents were commercially available and used without further purification except as indicated. THF, dichloromethane (DCM), and toluene were dried. Silica gel plates (Merck F254) and silica gel 60 (Merck; 70-230 mesh) were used for analytical and column chromatography, respectively. 1 H-NMR and mass spectrometer (Shimadzu C/MS-QP1000) were used to confirm the structure of the prepared substrates. 
Synthesis of analogues.
The benzyl bromide substituted methoxyacrylate was prepared from subsequence reaction, such as the esterification, formylation, methylation, and bromination of o-tolylacetic acid. The benzyl bromide substituted methoxyiminoacetate was synthesized from the sequential reaction of Grignard reaction, oxalation, condensation, and bromination of o-bromotoluene according to a conventional method. 10, 11 And the benzyl bromide substituted methoxyiminoacetamide was easily obtained by amidation of methoxyiminoacetate with methylamine. Finally, the methoxyacrylate analogues were synthesized from the reaction of phenyloximes substituted fluorovinyl moiety with three types of benzyl bromides. 12, 13 Biological activity. The fungicidal activities of the data set of 70 molecules with their structure are shown in Table 1 . The inhibitory value was calculated by comparing the disease area of treatment with the disease area of untreated control and expressed to EC 50 , the molar concentration for 50% inhibition against Magnaporthe grisea (Rice Blast Disease). The pI 50 value calculated from EC 50 (µg/mL), according to the Eq. (1):
Computational methods. All molecular modeling and statistical analyses were performed using SYBYL 6.9 molecular modeling software (Tripos Inc.).
14 All Structures of the β-methoxyacrylate analogues were obtained through energy minimization with the Tripos force field, and partial atomic charges were added using the Gasteiger-Huckel method, 15 with a 0.005 kcal/mol energy gradient convergence criterion. Lowest energy conformation was searched by geometry optimization simulated annealing method and minimized conformation energy value was -12.17 kcal/mol. Molecular alignment. The most important requirement for CoMFA and CoMSIA techniques is that the 3D structures of the molecules should be aligned according to a suitable conformational template. In this study, for most active compounds used as a template molecule, the superimposition of all β-methoxyacrylate analogues was performed with common structure in all the compounds. Figure 1 shows the results of such an alignment.
CoMFA analysis. CoMFA analysis of the 63 methoxyacrylate analogues was carried out on the steric and electrostatic fields with the default values. A three dimensional cubic lattice, with a 1.0, 1.5, 2.0, and 2.5 Å grid spacing, was generated around these molecules. The column filtering 2.0 kcal/mol was set to hasten the analysis and reduce the amount of noise. The steric and electrostatic fields of CoMFA descriptors were calculated separately for each molecule, using an sp 3 carbon atom probe with a Van der Waals radius of 1.52 Å and a charge of +1.0 to generate steric (Lennard-Jones 6-12 potential) and electrostatic (Coulombic potential) fields with a distance dependent dielectric at each lattice point. The SYBYL default energy cut off values of 30.0 kcal/mol were selected for both steric and electrostatic fields. The probe atom was placed at each lattice point and their steric and electrostatic interactions with each atom in the molecule were computed using CoMFA standard scaling. 16, 17 Predictive logP values were calculated by module program.
CoMSIA analysis. The CoMSIA of the QSAR module of SYBYL was used for the analysis. Similarity indices between a compound and a probe atom were calculated. The common probe atom with charge +1, radius 1.0 Å, and hydrophobicity +1 was placed at the intersections of a regularly spaced lattice. 18, 19 The attenuation factor (α) was set at 0.3. To determine the similarity, the mutual distance between probe atom and the atoms of the molecules in the data set was considered. In this study, physicochemical properties, such as steric and electrostatic feature, hydrogen bond donor and acceptors, and hydrophobic field were considered. Eq. (2) used to calculate the similarity index is as follows. (2) CoMSIA similarity index (A F ) is the similarity index at grid point q, summed over all atoms i of the molecule j under investigation. ω probe,k is the probe atom with radius 1 Å charge +1, hydrophobicity +1, hydrogen bond donating +1, and hydrogen bond accepting +1. ω ik is the actual value of the physicochemical property k of atom i. The mutual distance between the probe atom at grid point q and atom i of the test molecule is represented by r iq . The default value of 0.3 was used for the attenuation factor (α). 20, 21 Partial least square (PLS) analysis. After eliminating 7 outlier compounds, 53 compounds were used for a training set and 10 compounds were utilized as a test set. Partial least squares (PLS) regression analysis was used in conjugation with the cross-validation option to determine the optimum number of components that, were then used in deriving the final 3D-QSAR model without cross-validation. The crossvalidated coefficient, q 2 , were calculated using Eq. (3). (3) The number of components that resulted in the highest q 2 and lowest standard error of predictions (SEP) were taken as the optimum. Cross-validation was performed using the leave-one-out (LOO) method in which one compound is removed from the data set and its activity is predicted using the model derived from the rest of the data set. LOO crossvalidation was carried out with the number of components set equal to 10 and equal weights were assigned to steric and electrostatic fields, using CoMFA-STD, IND and H-bond scaling options. To speed up the analysis and reduce the noise, a minimum filter value 'σ' of 2.0 kcal/mol was used. Finally, non-cross-validated analysis was performed using the optimal number of previously identified components and was employed to analyze the results of CoMFA and CoMSIA.
HQSAR analysis. An HQSAR study on methoxyacrylate analogues indicated that this technique is able to efficiently correlate molecular structures with biological activity. An HQSAR module of SYBYL was used for the HQSAR study. The quality of the HQSAR model was assessed by statistical methods. The statistical parameter, q 2 , was always computed as a measure of the predictive ability of the model by leaveone-out cross-validation, whereas the parameter r 2 was also given to characterize the goodness of fit for the final model. The predictive power of the model was also determined by using a test set. The 53 compounds were used for a training set and 10 compounds were used as a test set. A number of parameters were adjusted to optimize the HQSAR model by various fragment type, length and hologram length. The best model was built using atoms, bonds, and connectivity as fragment type 307 as hologram length and 5-8 as fragment size (Table 7) . Activity prediction results by the HQSAR calculation are also summarized in Table 4 and Table 5 .
Results and Discussions
CoMFA, CoMSIA, and HQSAR methods were employed for deriving various 3D-and 2D-QSAR models against the total 70 β-methoxyacrylate derivatives (Table 1) , keeping in vitro activity pI 50 as a dependent variable. Results of the partial least squares (PLS) analysis are shown in Table 8 .
CoMFA analysis. The results of the CoMFA analysis are summarized in Table 8 , and for training set and test set, actual and predicted activities are shown in Tables 4 and 5 . The statistical results of the CoMFA model in a variety of conditions between field and grid spacing are shown Table 2 . The CoMFA was used the observed pI 50 values of β-methoxyacrylate derivatives as descriptors. Good crossvalidated q 2 (0.822) and conventional r 2 (0.955) values were proposed with optimized components of 6, the best model fields were used by Standard, Indicator, and H-bond field at 2.5 grid spacing. The quality of the CoMFA models is represented in Figure 3 , which shows plots of observed biological activity versus activity predicted from the best CoMFA model at 2.5 grid spacing. The contributions of steric and electrostatic fields were 0.762 and 0.238, respectively. The CoMFA steric and electrostatic fields for the analysis are presented as contour maps in Figure 2 . In general, color polyhedrals surrounded lattice points where the QSAR strongly associated changes in compound field values with changes in biological potency. A green polyhedral surrounded regions where more bulk is favorable for increasing potency, whereas a yellow polyhedral surrounded regions where less bulk is good. Red and blue contours show regions of desirable negative and positive electrostatic interactions, respectively. Electrostatic contours indicate the location of the electropositive character on R 4 position in blue color, indicating an enhancement in fungicidal activity, and so a blue contour near the R 5 position explains the need of an electron-unrich (electropositive) group to show potent fungicidal activity. We could conclude that the fungicidal activity was increased by a steric bulky group at R 1 position, and regions of the R 4 and R 5 positions were located in the steric disfavorable and positive charge groups. The CoMFA analysis on the test set composed of another 10 β-methoxyacrylate derivatives was reported in Table 5 . Most of the test set compounds showed good agreement between actual and predicted values, with 0.257 of average value of the deviation CoMSIA analysis. CoMSIA is believed to be less affected by changes in molecular alignment, and it provides more smooth and interpretable contour maps. The results of the CoMSIA analysis are summarized in Table 8 , and actual and predicted activities of training and test set are shown in Table 4 and Table 5 . The statistical results of the CoMSIA model in a variety of conditions between fields and grid spacing are shown in Table 3 . CoMSIA used the observed pI 50 values of β-methoxyacrylate derivatives as descriptors. Good cross-validated q 2 (0.763) and conventional r 2 (0.917) values were proposed, with an optimized component of 6; the best model fields were used by hydrophobic, and steric at 2.0 grid spacing. The quality of the CoMSIA models is represented in Figure 5 , which shows plots of observed biological activity versus activity predicted from the best CoMSIA model at 2.0 grid spacing. The contributions of hydrophobic and steric fields were 0.749 and 0.251, Table 7 shows HQSAR analysis for various fragment distinctions on the key statistical parameters, using default fragment size. Selection of the best model for fragment distinction was based on atom, bond and connectivity information.
The results of HQSAR analyses for various hologram lengths are shown in Figure 6 . The cross validated parameter (q 2 ) showed a significant dependence on the hologram length; the best value was obtained with a length of 307, with seven components. Figure 7 shows that the contribution maps on Magnaporthe grisea (Rice Blast Disease), using HQSAR methodology. In the contour map, the high potency active site is represented by green. Based on these results, the fluorostyrene site contributed to fungicidal activities. The results of the correlation of the molecular hologram descriptor and biological activity gave a good r 2 value (0.919), a crossvalidated q 2 value (0.820) and included an optimum number of seven components for minimizing model complexity.
The HQSAR actual versus predicted activity for the training set are shown in Table 4 and plotted in Figure 8 . Measured biological data of the test set together with predicted values by the HQSAR calculation are summarized in Table 5 . The plot of predicted vs. measured values for the test set is shown in Figure 8 . It gave good predictive power as shown in Figure 8 .
Prediction for the compounds in the test set. The predicted model was used to predict the inhibitory activities of the compounds in the test set. Predicted and actual pI 50 values for CoMFA, CoMSIA and HQSAR for training and test set are plotted in Figures 3, 5 and 8 . The comparison of the observed and predicted biological activities of the test set is given in Table 5 , which shows clearly the usefulness of the model for the prediction of the activities on the compounds that are not included in the training set. The derivation values (Table 5) 
Conclusion
We have established predictive CoMFA and CoMSIA 3D-QSAR models and HQSAR 2D-QSAR model for β-methoxyacrylate analogues as inhibitory activity against Magnaporthe grisea (Rice Blast Disease). In CoMFA on the β-methoxyacrylates, cross-validated q 2 is 0.822 and r 2 is 0.955; the contributions of steric and electrostatic fields are 0.762 and 0.238, respectively. In CoMSIA, cross-validated q 2 is 0.763 and conventional r 2 is 0.917. In HQSAR, crossvalidated q 2 is 0.820 and conventional r 2 is 0.919. Predictions resulting from CoMFA, CoMSIA and HQSAR models on 10 compounds in the test set are in good agreement with experimentally determined values. The results provide the tools for predicting the biological activity of related compounds and for guiding the design of new β-methoxyacrylate having more potent inhibitory activity.
